Abstract. Compressibility or hardness of objects is an important aspect in haptic perception. Both cutaneous and kinaesthetic information are used for the perception of compressibility. In this paper, the relative role of these contributions is investigated. This is done with psychophysical experiments using a purpose-made silicon rubber stimulus set. The fabrication and characterisation of the stimuli are described, as well as discrimination experiments with and without surface deformation of the stimuli. With the cutaneous cues of surface deformation present, the Weber fraction for hardness discrimination was 0.12. When surface deformation was removed and only kinaesthetic cues were available, the Weber fraction doubled, suggesting that the cutaneous sense contributes almost three quarters to hardness perception, and the kinaesthetic just over one quarter, if the information is integrated in a statistically optimal fashion.
Introduction
Haptic perception of the world around us consists of a number of aspects. We can for instance perceive shapes, textures and material properties of the objects that we encounter. One important material property is the compressibility or hardness of objects. We can find out information about objects by assessing this property, for example the ripeness of fruits or the air pressure in a bicycle tyre. For a realistic haptic experience, a good perception of compressibility is essential. There has been some research into the rendering of compressibility and some implementations in haptic devices, but a thorough understanding of this aspect is still lacking.
When interacting with a haptic display, this is usually done through some kind of rigid interface, e.g. a hand-held stylus or thimbles that slide onto he fingertips. This implies that the actual surface that is in direct contact with the skin does not deform when touched, even though the rendered, virtual surface might. Forces can be displayed to the user, but other cues associated with compressibility are generally not available. Possible other cues for the perception of compressibility include the shape and the size of the contact area and the dynamic deformation of the object surface, i.e. the way it forms itself around the finger. It is known that for the perception of softness and hardness, both tactile and kinaesthetic information are used [1] , but the relative importance of these information sources has not been quantified. This quantification is very important regarding the design of haptic interfaces, but also with respect to more fundamental research in human perception. The kinaesthetic and cutaneous channels carry very different types of information; in the case of squeezing a compressible object, the kinaesthetic channel carries information about finger displacement and applied force, while information in the cutaneous channel has a more spatial character, comprising the size and force distribution of the contact area on the fingers. Analysis of the relative contribution of these channels can teach us about the way the information streams are integrated in the perceptual system.
The discrimination of compressibility, compliance or hardness has been investigated in a number of ways [2, 3, 4, 5, 6, 7] , that are not all easily compared. One measure that can be used for comparing these studies is the Weber fraction, defined as the ratio between the discrimination threshold and the stimulus intensity. For instance, a Weber fraction of ∼ 0.1 was reported by Tan et al. [6] using an apparatus consisting of two computer-controlled movable plates that the subject pressed toward each other in a pinch grasp. Somewhat worse performance, around 0.3, was reported by Freyberger and Färber [7] using a stimulus set of silicon rubber blocks that were squeezed between thumb and forefinger. It is surprising that the situation with Tan et al., in which only kinaesthetic information was available, yields a better performance than that with Freyberger and Färber. One would expect that the extra information available about the surface deformation of the silicon rubber would help the hardness discrimination, but this appears to be not the case at first sight. A possible explanation could be that the thresholds were not measured at the same reference hardness; in Tan et al.
[6], the reference was 0.25 N/mm, while in Freyberger and Färber [7] , references ranged from 1.2-56 N/mm. However, there was no indication that the latter thresholds would deviate from Weber's law at the soft end of the range. Another difference in the setups was that with Tan et al., the subject encountered a mechanical wall at a fixed position when squeezing the plates. Thus, subjects could have based their judgement on the terminal force or the total amount of mechanical work done. Indeed, when the authors minimised these cues, the thresholds went up to Weber fractions of 0.15-1.0. Still, it remains difficult to compare these two experiments with the purpose of extracting the contribution of surface deformation cues. In order to do that, it is desirable to perform an experiment with and without deformation of the contact surface while keeping the procedure and other circumstances the same.
In this paper, we report our investigations into the capacity of the human perceptual system to differentiate by means of touch between different magnitudes of compressibility. We have measured the discrimination threshold as a function of stimulus compressibility. Furthermore, the role of the cutaneous information has been measured by removing the contact surface deformation.
